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Fine Structures of Zeolite-Linde-L (LTL): Surface Structures, Growth Unit

and Defects

Tetsu Ohsuna,™"! Ben Slater,*! Feifei Gao,'"! Jihong Yu,'! Yasahiro Sakamoto,"™
Gaugshan Zhu,'"! Osamu Terasaki,*!™ ¢! David E. W. Vaughan,'! Shilun Qiu,'" and

C. Richard A. Catlow!® #

Abstract: High-resolution electron mi-
croscopy (HREM) has been used to
image the surface structure of nano-
and micrometer-sized synthetic crystals
of zeolite-Linde-L. (LTL). Columnar
holes and rotational, nano-sized,
wheel-like defects were observed
within the crystals, where the hole has
a minimum size equal to that of the ro-
tational defect. Predictions of surface
structure from atomistic computer sim-
ulation concur with the observations
from HREM and provide insight into

the crystal growth mechanism of per-
fect and defective LTL. Analysis of the
energetics of the formation of rotation-
al defect structures reveals that the
driving force for defect creation is ther-
modynamic and furthermore, the rota-
tional defects could be created in high
concentrations. Formation of a colum-
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nar hole is found to be slightly energet-
ically unfavourable and therefore we
speculate that the incidence of both ro-
tational and nano-sized vacancy defects
is strongly dependent on kinetic factors
and reaction conditions. The morpholo-
gy of nano- and microcrystalline LTL is
contradistinct and we use insights from
simulation to propose an explanation
of the disparity in crystal shape.

Introduction

Linde-L (LTL) was first synthesized by Breck and Flani-
gen!! and noted to be a “large-pore” zeolite as was con-

firmed by the structure analysis of Barrer and Marshall®
showing it to have 12-ring channels, and the natural mineral
perlialite was later shown to be isostructural with LTL.CI

Major interest in LTL was stimulated in 1980 when Ber-
nard™ reported that Pt-K-LTL was a highly selective cata-
lyst for the aromatisation of hexane to benzene. A decade
of intensive research and development followed, resulting in
a commercial process in the early 1990s.%”l More recently
LTL has attracted interest as a tubular “nano-container” for
metals® and photochemically reactive organic molecules.”)
Zeolite LTL has a one-dimensional (1D) channel with 12-

ring undulating channels. The structure was solved by

powder X-ray diffraction (XRD) and shown to occupy
space group P6/mmm with a=1.84 nm and ¢=0.75 nm (Fig-
ure la). The structure contains two important secondary
building units of cancrinite (CAN) cage and double hexago-
nal ring (D6R), alternating to form a column (shown in Fig-
ure 1b). The columnar structure can be considered to form
from CAN cages fusing, giving a D6R between the CAN
cages, or more complex growth mechanisms involving D6R
and subunits of a CAN structure. The structure can be de-
scribed by a two-dimensional hexagonal arrangement of the
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Figure 1. a) Schematic drawings of the framework structure of zeolite
LTL, the arrow pointing left indicates the [010] incidence, the arrow
pointing north-east indicates the [100] direction. b) Secondary building
units of CAN cage and D6R, c) and external crystal surface.

columns (a¢=1.84 nm) forming 8-ring and 12-ring channels
and the crystals generally adopt the form of cylinders or
hexagonal prisms, for which the {001} surface is at the top
and the bottom of the cylinder, and the sidewalls are {100}
and {110} planes (Figure 1c).

A substantial body of synthetic work was performed in
the 1980s, supporting the results of the catalysis work, which
showed that control of crystal size and shape was necessary
for optimisation of catalytic aromatisation properties.'")
LTL is readily made from potassium aluminosilicate gels at
temperatures between 90 and 200°C. Compositionally LTL
can be made with Si/Al ratios from 1 to about 3.5, designat-
ed as Ba-GL!"! (Si/Al=1 to 1.5), ECR-2["J (Si/Al=1.5 to
2.6) and Linde-L (Si/Al=2.6 to 3.5). Nanocrystals are
formed when large alkylammines are included in the reac-
tion gels;™¥! hexagonal columnar crystals up to 5 pum long
can be made at higher temperatures; prisms and discs up
to 1 um in diameter are typical in many higher temperature
preparations. The morphology of the crystal is controlled by
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a combination of factors such as gel stoichiometry, seeding,
and time and temperature of crystallisation. Metakaolin
may be an effective aluminosilicate source for LTL synthe-
ses,I>161 where smaller kaolin crystals yield smaller crystal
LTL products.

To control crystal size, morphology and defect formation
it is important to understand the growth mechanism(s) that
can often be deduced from analysis of sub-structures (such
as secondary building units (SBUs)), crystal defects and sur-
face structures. The first may be observed and engineered
through nanocrystal syntheses!'” and the latter by careful
examination and computer modelling of crystal edges and
surfaces.'®!l An important feature of LTL crystallisations is
that it often co-crystallises with offretite (OFF) and erionite
(ERI). Apparent epitaxial interfaces have been observed in
“hammer” (OFF shaft-LTL head)?! and “ring” (OFF
“finger”-LTL ring)™® crystal associations in low magnifica-
tion microscopy studies. Stacking faults have also been ob-
served in high-resolution images of LTL?? that has a super-
mesh structure R,/13-y/13 which entails a rotation of one
part of the crystal on the {001} planes through 32.2°; termed
a coincidence boundary. Herein, we describe new types of
defects that have been located by using advanced HREM
imaging methods.”® We then attempt to rationalise the exis-
tence and size of these defects using computer simulation
methods. Finally, we discuss how the surface structure and
the observation of a disparate range of defects can be used
to suggest a crystal growth mechanism based upon assembly
of building units and we speculate on how the crystal habit
may be affected by the mode of assembly.

Experimental Section

Synthesis of nanocrystalline, K LTL: In this study, LTL nano crystals
were made with a gel stoichiometry 1.0 Al,0;:30Si0,:10K,0:400 H,O by
using the recipe employed by Meng et al.,** in which KOH (5.82 g;
Sigma, pellets, >85%) was initially allowed to react with fumed silica
(12 g; Sigma, 99.8%) in distilled water (36.8 g) to give solution I. A po-
tassium aluminate solution (solution IT) made from KOH (2.91 g; Sigma)
and Al(OH); (1.04 g; Sigma) in distilled water (10 g) was then added to
solution I. Each component solution was first cooled then filtered after
heating in an autoclave at 443 K, prior to mixing. The resultant mixture
was placed in the Teflon-lined stainless steel autoclaves at 443 K for six
days. After centrifuging and washing, the sample was dried at 343 K in
an oven. Powder X-ray diffraction (XRD) patterns were recorded in step
scanning on a Philips PW3050 X-ray diffractometer by using Cuyg, radia-
tion (A1=1.5418 A) with a graphite monochromator in the diffracted
beam path. The average size of the nanoparticles was 100 nm analysed
on the basis of the Debye—Scherrer equation (D =0.891/pcos0, where D
is the crystal size, A the wavelength (Cug,), p the corrected half-width of
the (221) diffraction line of LTL, and 6 the diffraction angle). Inductively
coupled plasma (ICP) analysis performed on a Perkin-Elmer Optima
3300DV spectrometer gave the Si/Al ratio of the as-made LTL nanocrys-
tals as 2.905, and the AI/K ratio as 1.05. Samples were evaluated in the
microscopy experiments without further treatment.

Synthesis of micron-sized, K LTL: Micrometre-sized crystals of zeolite L
were synthesized by first reacting silica sol (>28%) (21.46 g) in H,O
(6.5 g) which was mixed until homogenous (solution I). This mixture was
then added to a potassium aluminate solution (solution II) made from
KOH (3.22 g) and Al powder (0.54 g) in H,O (6.54 g). The resultant mix-
ture was placed in the Teflon-lined stainless steel autoclave at 453 K for
two days. After washing, the sample was air-dried at 423 K in an oven.
The approximate molar ratio for the mixture was 2.35K,0:1 ALOs:
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10Si0,:160H,0 and the product ratios were determined to be SiO,/
Al,0;=6.23, K,0/Al,0;=0.964 and K,0/Si0,=0.156, by ICP.

Standard preparation of micron-sized Na/K LTL: Zeolite L was synthe-
sized by using colloidal silica (>28%), Al(OH); (>98%), KOH
(>98%) and NaOH(>98%). AI(OH); (0.54 g, Sigma) was dissolved in a
solution of KOH (1.68 g), NaOH (1.20 g) and water (6.23 g) at a temper-
ature of 373 K followed by cooling to room temperature. After vigorous
stirring, colloidal silica (20.25 g) was added with water (7.38 g) to form a
mixture, which was then vigorously stirred for a few minutes, until a
thick gel was formed. The resultant gel was placed in the Teflon-lined
stainless steel autoclave at 433 K for six days. After cooling, the upper
part of the strongly alkaline solution was decanted, whilst the remaining
white residue was washed with water until it remained neutral. This prod-
uct was then air-dried for 12 h at room temperature. The original molar
ratio of the reagents was 3.172M,0:1 A1,05:10Si0,:165.58 H,O (50 %
NaOH,50 % KOH). The final composition of the sample was determined
to be SiO,/AL,0;=6.83, M,0/Al,0;=1.00 and K,0/SiO,=0.271 by ICP.

The three synthesis routes differ in a number of key experimental param-
eters, such as the Si:Al ratio of the reagents, the identity of the extra-
framework species, the duration of synthesis and the ageing time. The mi-
crocrystalline crystals have similar average crystal sizes and shapes,
though the average size of the crystal where Na is present appears to be
slightly larger than in the pure K synthesis. The aspect ratio and crystal
shape of the nano- and microcrystals differs dramatically. In the nano-
crystal the c¢/a ratio is much larger than that in the microcrystals. We will
return to the reason for these differences in the Discussion.

Electron microscopy: The samples were investigated with JEM-3010 (op-
erating at 300 kV, Cs=0.6 mm, structural resolution 1.7 A) and JEM-
4000EX (operating at 400 kV, Cs=1.0 mm, structural resolution 1.7 A)
electron microscopes. Images and diffraction patterns were recorded with
films and a CCD-camera (Model 794, Gatan, size 1024 x 1024, pixel size
25x25 um?) using low dose conditions.*!

The low-magnification electron microscopy (EM) image of nanocrystal
LTL shows clearly that the crystal is cylindrical in shape and is very well
crystalline (Figure 2a). In powder or nanocrystals of LTL, the size of the
¢ plane is fairly large compared to the length along the c¢ axis, and it is
difficult to obtain the zone axes other than [001] in the nanocrystals.
However, we note that a recently synthesised single crystal of LTL shows
the opposite aspect ratio.*”!

SEM images of single crystals of LTL
were observed on a JEOL 6700F
SEM at 5kV. The micrometer-sized
crystals were coated with Pt/Pd to
obtain electrical conductivity on the
surface. An example of the micron-
sized crystal is shown in Figure 2b.
Note the presence of an unusual hole
at the top of the cylindrical crystal
that appears to extend into the interi-
or of the crystal. The pure K and Na/
K micrometer-sized crystals are
shown at lower magnification in Fig-
ure 2c and 2d.

Results

In the following sections, we
report the analysis of nano-
sized crystals of LTL, in which
the results are compared with
those obtained for microcrys-
talline samples.

Surface structure: Figure 3a—c
show the observed HREM
images of an edge on view

Chem. Eur. J. 2004, 10, 5031 -5040 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

aj

100 nm

Figure 2. a) TEM image of nano-LTL, b) SEM image of micro-LTL, c)
SEM image of K-LTL, and d) SEM image of Na/K-LTL.

with [100], [110] and [001] incidences, respectively. Compari-
son of these images with simulated ones from different sur-
face structure models, allows us to deduce the surface struc-
tures of LTL. We find that firstly, the framework is terminat-
ed not with CAN cages but with D6R units on the {001} sur-
face, and secondly, that the sidewall of the crystal is termi-
nated with CAN cages, as was shown schematically in
Figure 1c. Further details of the assignment of the surface
structure have been discussed by Ohsuna et al.?! The {001}
surface is found not to exhibit a D6R free surface. For both
nano- and microcrystals, identical surface terminations were

Y T

Figure 3. HREM images of LTL surfaces a) [100], b) [110], and c) [001] incidences (taken from reference [22]).
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observed for each distinct crystallographic plane. We em-
phasise this point, since it provides important evidence that
the atomic growth mechanism is identical in both nano- and
micron-sized crystals and hence it is reasonable to assert
that it is chiefly kinetic rather than thermodynamic factors
that determine the relative growth rate of distinct crystal
faces and therefore, the crystal shape.

Rotational defects in the framework: An HREM image
taken with the [001] incidence is shown in Figure 4. Looking

Figure 4. HREM image of rotational defects indicated with arrows, [001]
incidence.

at the image from a distance, one can see deformed chan-
nels, which are clearly different from the other channels, in-
dicated by arrows within the figure. From this observation, a
columnar defect model of the LTL framework was devised
that consisted of a group of six “cancrinite” columns sur-
rounding one main 12-ring channel rotated 30° as a unit
around the ¢ axis (shown schematically in Figure 5). A simu-
lated image based on the model was calculated by the multi-
slice method.” The simulated image fitted perfectly over
the experimental HREM image and hence we believe the
structure of the defect has been identified. The rotation pro-
duces six deformed channels and six 8-ring channels which
give different contrasts in the HREM image. The central 12-
ring channel, which provides access into the crystal interior

4 |
&

Figure 5. Schematic model for the rotational defects. Connectivity of the column in forming 8-rings for perfect
(a), rotational defect(b) and matching of rotational defect to the perfect crystal (c). Simulated image for the

rotational defect at specimen thickness of 10 nm, defocus of OL —68 nm.
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appears not to be deformed and hence its ability to uptake
atoms or molecules is unlikely to be affected by the rota-
tion.

Nanosized columnar defects: A peculiar bright contrast is
observed in TEM images taken with [001] incidence. The
contrast indicates no framework was formed at the place
from the top to the bottom and consequently a straight
channel with larger diameter was formed along the ¢ axis—a
“columnar hole”. The structure of the nano-defect imaged
by HREM is shown in Figure 6b. Note that the minimum
size of this defect corresponds exactly to the size of rotation-
al defect mentioned above. Although the holes can be
formed with much greater sizes than the 12-ring surrounded
by six CAN/D6R columns, the fact that no smaller defects
are observed may be significant. There is no evidence that a
single CAN/D6R column can be extracted from the struc-
ture. Conversely, there does not appear to be an upper limit
to the size of the columnar hole. In Figure 6b, the maximum
length is in excess of 100 nm but by comparison with Fig-
ure 2b, the size can extend up to much greater length scales.

Static lattice simulation

Surface structure {110} and {110}: In previous work,'*?" we
have described how predictions of zeolite surface structure
can be made by using static lattice simulation methods. De-
tails of the general simulation strategy are described in ref-
erence [28] and more specifically in references [19,27,29].
To summarise briefly, we use the GULPP and MARVINP!
codes to relax the atomic positions to zero net force within
the crystal bulk and surface structure, respectively, and use
the interionic potentials derived by Sanders and Catlow!!
to describe the interactions between atoms. The two-region
surface repeat unit used for the surface relaxations consisted
of an upper layer, relaxed explicitly, containing four com-
plete layers and a lower region held fixed, which also con-
tained four layers. The number of species in the two regions
exceeded 1400 for each surface considered.

We begin by examining the faces that are observed in the
experimental morphology, and other faces with large inter-
layer spacing. In this case, we expect the {110} (or {100}),
{110} and {001} faces to domi-
nate in the crystal morphology.
Cleavage of low-symmetry ma-
terials gives rise to a large
number of potential terminat-
p ing surface structures, but in
fact, we find that by using the
X : criterion of surface energy,
which is inversely proportional
to thermodynamic stability, we
can readily determine that low
index faces have very few low-
energy terminating structures.
For instance, assessment of the
relative stability of various
possible terminations of the

- - - -
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Figure 6. a) ED pattern taken with incidence down the [001] axis, b)
TEM image of LTL taken with [001] showing columnar holes with differ-
ent sizes. The minimum size observed is 1 main 12 MR channel surround-
ed by six columns containing CAN and D6R building units.

{110} surface, shows that the termination shown in Figure 7a
has the lowest unique surface energy (0.71 Jm™). Addition-
ally, we considered the {110} surface and again determined a
single unique termination, similar but not identical to that
found for the {110} surface with a slightly higher surface
energy of 0.84 Jm2, shown in Figure 7b, where the silicon
atomic positions are found at the vertices within the figure.
The upper part of the Figure corresponds to the crystal ex-
ternal surface and is shown in cross section in Figure 7 and
differs by the number of CAN cages exposed at the crystal
exterior. In Figure 7a, the terminating structure exposes a
single CAN cage lying in the same plane (at the surface), in
Figure 7b, two CAN cages are exposed that lie in the same
plane. The surface energies reflect the relative stability of
the surfaces and can be rationalized by considering the
number of dangling bonds formed at each face. In the {110}
case, two dangling bonds per surface repeat unit are formed

Chem. Eur. J. 2004, 10, 5031 —5040 www.chemeurj.org
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Figure 7. The {110} (a) and {110} surfaces (b) of LTL shown in cross sec-
tion. Only the silicon atoms are depicted, for clarity. The left-hand figure
corresponds to the most stable {110} surface, whilst the right-hand surface
is the {110} termination. Both structures can be readily observed by com-
parison with Figure 3c. The left-hand portion of the Figure 3c is equiva-
lent to Figure 7a, exposing a single terminal CAN cage. The right-hand
side of Figure 4 shows the {110} termination and is equivalent to Fig-
ure 7b, displaying two terminal CAN cages.

upon cleavage, but for the {110} case four bonds are created.
Therefore we expect the {110} surface to be most stable on
the grounds that the higher the number of terminating
bonds exposed, the more thermodynamically unstable the
surface is.

By reference to the HRTEM images in Figure 3c and
Figure 4, we find that the surface structures predicted to be
the most stable from thermodynamic considerations are
readily observed. Evidently, the predicted structures corre-
spond exactly with those observed, exhibiting CAN cages at
the external surface in a crenellated fashion. The experi-
mental images clearly identify two distinct terminations of
{110} and {110} character, with one and two terminal CAN
cages lying parallel to the crystal surface in Figure 3c and
Figure 4 respectively. The {110} surface with double CAN
cages can be seen less prevalently in Figure 3c as step edges,
but is more easily distinguished in Figure 4, where the ma-
jority of the surface is double CAN cage terminated. On the
basis of thermodynamic considerations, we would expect the
{110} surface to dominate in the morphology, which is
indeed confirmed by inspection of the microcrystalline
sample.

Surface structure {001} surface: For the {001} surface, we
identified two terminations of equal stability, with surface
energies of 2.12Jm™2, one of which is shown in Figure 8.
Two different crystal surface orientations are shown, to facil-
itate a comparison with the experimental HRTEM images
in Figure 3a and 3b. Clearly, the D6R is evident in each
case; the left-hand structure of Figure 8 corresponds exactly
with Figure 3a, whilst the right-hand structure corresponds
to Figure 3b. The calculated surface structures again concur
with experimentally observed structures and underline that
thermodynamic stability is the driving force in the formation
of stable, long-lived terminal surface structures.

However, for this surface, we find that a second terminat-
ing structure is predicted to have an identical surface energy
to that shown in Figure 8. This second structure (not depict-
ed) exposes a half CAN cage at the crystal surface and has
12 terminal bonds per unit area, just as in the case of the
D6R terminated surface. The absence of this termination in
the experimental images leads us to speculate that there
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Figure 8. Cross sections of the (001) surface. The left-hand side image is identical to that seen in Figure 3a, whilst the right-hand image is equivalent to

the upper part of Figure 3b.

may be a thermodynamic or kinetic component that influen-
ces the crystal growth process and results in the preferential
exposure of the D6R terminated structure.

Growth along the {001} axis can be considered to arise
from two modes of columnar assembly involving CAN and
D6R secondary building units. One recognises that colum-
nar assembly may be achieved by fusing CAN cages or by
condensation of D6Rs on half-CAN cages. Although the
mechanism for columnar assembly is not known, the fact
that only the D6R-terminated structure is observed leads us
to infer that the half-CAN surface structure, which simula-
tion shows to be thermodynamically stable, may be kineti-
cally unstable with respect to condensation of a D6R. The
precise mechanism and intermediate stages of the growth
mechanism are currently under investigation using a similar
procedure to that used to investigate zeolite Beta C.

Rotational defect: Using interionic potentials developed by
Sanders and Catlow,”!! we performed an energy minimisa-
tion (molecular dynamics at 0 K) of a 5x5x4 supercell
(containing 18000 sites) of purely siliceous LTL using the
DL_POLY"™ code. The large number of species that are
necessary to describe the rotational defect precluded us
from using the GULP software, though the most recent ver-
sion of GULP contains more efficient Coulomb summation
schemes that would, in principle, allow us to compare the re-
sults from DL_POLY. Using the relaxed structure, we creat-
ed the rotational defect consistent with that observed by
HREM and again optimised the unit cell contents. The re-
laxed structure is shown in Figure 9a, whilst Figure 9b shows
a magnified region of the defect. It is clear from Figure 9
that the rather large defect actually causes extremely local
distortions, which are essentially limited to the first coordi-
nation sphere of the oxygen atoms that lie at the boundary
between the rotational defect and the remaining perfect
crystal. The lattice energy difference between the cell con-
taining the defect and that of the perfect crystal reveals that
formation of the defect is favourable by —2.3 eV for the su-
percell (which corresponds to a ~5kJmol™!' increase in
bond strength for each of the 48 Si—O bonds that join the
rotational defect to the unperturbed lattice). The driving
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Figure 9. a) The rotational defect is highlighted in bold, and was obtained
from optimising the simulation cell; the defect is parallel to the (001) or
the ¢ crystallographic axis. The highlighted region corresponds b, and

shows how the defect is stabilised by forming stronger Si—O bonds at the
expense of the optimal Si-O-Si angle.

force for the formation of the defect arises from short-range
bonding forces: the rotation gives rise to a concomitant in-
crease in the T-O-T angle (where T is Si or Al) at the inter-
face between defect and perfect crystal coupled with a re-
duction in the average bond lengths, as seen in Figure 9b.
Analysis of the defect energy shows that although the net
change in energy is negative upon formation, the electrostat-
ic or Coulombic component of the energy decreases. The

www.chemeurj.org Chem. Eur. J. 2004, 10, 5031 —5040
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decrease in attractive electrostatic energy is outweighed by
the gain in total lattice energy from strengthening the Si—O
bond (associated with a shortening of the bond) and a de-
crease in the collective interionic repulsive energy. It should
be noted that because of the boundary conditions and perio-
dicity of the supercell, the rotational defects are separated
by approximately 30 A. It is therefore conceivable that
these defects may be formed at a higher density than has
been observed by inspection of the HREM data.

Columnar hole: By using the relaxed supercell described
previously, a hole corresponding to the rotational defect
(along the {001} axis) was grafted from the crystal and the
defective cell contents optimized at constant volume. The
resulting structure is depicted in Figure 10 and shows that
relaxation around the defect hole is quite minimal.

Figure 10. A view down the [001] or crystallographic ¢ axis of LTL. The
supercell contains a columnar nano-defect.

Although we find that it is energetically unfavourable to
create this defect spontaneously in the crystal bulk, we sug-
gest that the defect arises as part of the evolution of crystal
growth on contact with the mother liquor or gel. If the
defect structure is inspected closely, one realizes that this
corresponds to the stepped {110} surface, showing the char-
acteristic single CAN cage termination, and consequently
the hole may be perceived as the formation of an additional
growth surface, resembling the external surface. In porous
materials, in which the ratio of internal to external surface
area is high, it is perhaps not surprising that nano-voids with
structures commensurate with those of the external surface
can be formed due to high crystal growth rates. Another
possibility is that blockage occurs at the growing surface,
preventing registration of SBUs with the growing surface.
However, given that the defects extend for the entire length
of the crystal and therefore for several hundred angstroms,
it is not obvious why the channels are completely empty, as
is implied by the electron diffraction along the [001] shown
in Figure 6a.

An interesting proposition is that this linear void may
arise at the interface between a {110} and {110} overgrowth
or even at the interface (grain boundary) between two crys-
tals with {110} and {110} orientations. High growth rates or
other kinetic factors may explain why the defect becomes

Chem. Eur. J. 2004, 10, 5031 —5040 www.chemeurj.org
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encapsulated within the crystal. However, although the for-
mation of the defect is thermodynamically unfavourable in
the perfect bulk structure, the defective zeolitic structure
will still have an energy per SiO, unit that falls within the
ranges which have been identified for a range of zeolitic ma-
terials using calorimetric data®! and theoretical predic-
tions.*¥

These results provide possible explanations of why the
columnar defect forms and why very large columnar holes
can be observed in both the nanocrystals and single micro-
crystals. Note that the very large holes show a surface struc-
ture that is comparable with a more regular or ideal {110}
surface and hence very large holes may be formed where
the energetic cost per unit area (i.e. the internal surface
energy of the particle) is comparable to the external surface
energy.

Discussion

The observations from experimental and simulation evi-
dence suggest that the surface structure of zeolite LTL is ex-
tremely well-defined and for the principal growth surfaces,
only one structural termination is seen. Comparison of the
fine bulk and surface structure evidenced on micro- and
nanocrystals reveals the same surface structural motifs, sug-
gesting that the crystal growth mechanism is similar for both
materials. The microcrystals have similar morphologies, but
their composition is different, one containing pure K, the
other a mixture of (principally) Na and K. The nanocrystal
is synthesised by using K only, yet its crystal shape is quite
different from that of the microcrystal examples. In the
nanocrystal, it appears that growth is fastest parallel to the
{001} plane and slowest perpendicular to the {001} plane. In
the microcrystal, the reverse growth rate appears to be in
operation.

Focusing first on the nano and micro pure K LTL synthe-
ses, the Si:Al ratio of the product is approximately 3:1 in
both samples; the temperature of synthesis is approximately
the same. However, the crystal shapes are different and the
molar ratio of Al:K and Si:Al is different in both cases. In
the nanocrystal synthesis there is a higher concentration of
K and a much higher concentration of Si:Al, compared to
those in the microcrystal synthesis. In the nanocrystal syn-
thesis, the duration is six days in comparison to two days in
the microcrystal synthesis. In the nanocrystal, growth in the
{001} plane is favoured over growth perpendicular to the
{001} plane, and in the microcrystal the reverse is seen.

One possible reason for this disparity in growth rates is
linked to the probability of reaction and concentration of
structural building units in solution. Given the very low con-
centration of Al in the nanocrystal synthesis reagent mix-
ture, which is required in 25% concentration within the
framework, only a very small number of the fragments in
solution will contain aluminium. The solution will contain
oligomeric siliceous units and a proportion of aluminosili-
cate units. In the microcrystal synthesis, the proportion of
aluminosilicate to purely siliceous units will be much higher.
Given that the temperature of synthesis for both materials is
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approximately the same, the probability of two solution spe-
cies being proximate is the same in both cases but the prob-
ability that two aluminosilicate fragments undergo a reac-
tion is much lower in the nanocrystal synthesis. The infre-
quent collision probability will favour growth along the
plane that requires the fewest number of bonds to be
formed (or events to occur) to polymerise units. In LTL, this
will be parallel to the {001} plane or equivalent to growth
normal to the {110} plane, since only two bonds are formed
on growing this surface, as columns aggregate. In contrast,
columnar assembly normal to the {001} plane assembly will
be a rare event because six bonds are required to grow the
column, and hence the probability of fragments having the
correct steric orientation is much lower, therefore growth in
this plane is slow. Under the nanocrystal synthesis condi-
tions therefore, flat disc-like morphologies would be predict-
ed from our proposed mechanism, as is observed. At a
higher collision probability (in the microcrystal synthesis),
two aluminosilicate fragments will have the correct orienta-
tion to react far more frequently, hence the thermodynamics
or reaction enthalpies of columnar aggregation versus col-
umnar assembly will be very important. On the grounds of
thermodynamic stability, cylindrical crystals would be pre-
dicted in which the length of the crystal (parallel to [001])
will be greatly in excess of the diameter, because the {110}
surface is far more stable than the {001} surface. The crystal
formed would expose {110} as the most morphologically im-
portant face (with the greatest surface area) and {001} as a
less prevalent face (with lower surface area), in accord with
the experimentally observed morphology.

If we now turn to a comparison of nano K LTL and micro
Na/K LTL, the major point of contrast is that, of course,
Na* preferentially occupies the extra-framework sites in
Na/K LTL and clearly plays an important role in dictating
the rate of growth. Crystal growth rates in the [100] and
[001] planes are clearly much greater than for the two
planes in the nano-synthesis. If a synthesis was performed
with the same Si:Al ratio and the same Al:K ratio as used
in the nano-synthesis we could infer more about the role of
K™ during the synthesis but this is not the case in the data
reported here. In the nanocrystal synthesis, there is a much
higher concentration of K* in comparison to the microcrys-
tal synthesis. Recently, Gibbs and Lewis™ reported a atom-
istic simulation study on low silica zeolite X which showed
that the K™ ion can occupy the D6R and a site immediately
above the D6R simultaneously. K™ ions had been thought
to be a key agent to formation of the D6R through empiri-
cal observation whilst Na* ions are found not to occupy
D6R rings. Since the Na* ion clearly facilitates much faster
growth rates for both crystal planes, it is not clear where the
Na* ion changes the mode of assembly from fast columnar
aggregation/slow columnar assembly to slow columnar ag-
gregation/fast columnar assembly. Because the Si:Al and K
ratios and the synthesis duration of the micro K LTL and
micro Na/K LTL are different from each other, we cannot
single out the role of Na* ions. Recent work?®! has shown
the delicate relationship between extra-framework cation
and aluminium concentration and the crystal growth mor-
phology for columnar MAZ zeolites. It would therefore be
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interesting to attempt a similar systematic synthesis ap-
proach to the LTL system to explore how minute variations
in the reagents affect the product. Another experiment of
interest would be to extend the synthesis duration of the
nanocrystal synthesis to observe whether the growth rate of
either or both of the planes changes as a function of length
scale. It is possible that the diffusion-limited growth may
become important at a critical crystal size, though our
work,®” and that of Agger and co-workers®® strongly sug-
gests that zeolite growth is surface-controlled.

To try and probe the growth mechanism in more detail,
we focused on the nature of the principal growth unit. We
began by addressing the nature of the crystal growth mecha-
nism on the {001} plane, where columnar assembly is crucial.
The observation of a D6R terminated surface structure, with
no evidence of a structure where the D6R is absent (as is
the case in Faujasite®™) suggests that the D6R is part of a
larger growth unit, or that the condensation of a D6R onto
the crystal surface is so rapid (perhaps both thermodynami-
cally and kinetically unstable with respect to formation of
the DOR surface) that a surface denuded of a D6R is never
observed. What is unclear from our observations is the iden-
tity of the solution species, however, Serre etal*” and
others including Knight (see*! for example) and Engelhardt
(see for example), have demonstrated the utility of NMR
methods in identifying solution species, and we expect to
utilize this invaluable technology in future work. Notwith-
standing existing experimental evidence, a possible building
unit for the {001} surface is proposed in Figure 11, which can

Figure 11. A possible secondary structural building unit that may dictate
columnar growth in zeolite L.

be regarded as a double 6-ring, capped by 4-rings or a ’half’-
CAN unit, capped with a 6MR. Repeated condensation of
these units with one another generates the familiar colum-
nar structure, provided the D6R reacts with the open half-
CAN structure of another unit. Each columnar structure can
then aggregate to generate the familiar 12 MR decorated by
six columns. The evidence that the SBU proposed is the key
building unit is phenomenological and so to provide a more
rigorous insight into thermodynamics of growth in a forth-
coming paper,?? we will describe a first-principles study of
which fragments are most stable in solution and how these
fragments combine to define a mechanism of columnar as-
sembly.

On the topic of rotational defects, although formation of
the rotational defect is energetically favourable, we believe
that the low concentration of these defects in actual samples
suggests that there is a substantial barrier that prevents their
spontaneous formation in the bulk crystal. The rotation in
bulk would involve breaking partially covalent bonds and is
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therefore extremely unlikely to occur at moderate tempera-
tures. For this reason, we speculate that the defect is grown
in at the surface, where the misalignment of a CAN (or
some other) growth unit with the surface is more facile be-
cause a small number of bonds could anchor the SBU on
the surface in a misaligned configuration. The 12-ring sur-
rounded by six CAN/D6R columns can be likened to a
nano-wheel. In the perfect crystal, each wheel is in perfect
tessellation with wheels in the same plane. In the defective
material, although the structure of the wheel is identical, the
wheels no longer have a periodic repeat length and no
longer tessellate. Once one CAN misaligns with the surface,
this could nucleate the rotational defect. Within the rota-
tional defect, the rotation of one of the six columns contain-
ing D6R/CAN is calculated to be extremely energetically
unfavourable. Therefore, when one CAN condenses upon
the surface, misaligned by 30° addition of the remaining
five columns occurs, generating the core structure that is
identical to that in the perfect material. The fact that the de-
fects can be observed in close proximity to the surface in
Figure 4 lends credence to the proposition that the defect is
born at the surface.

The observation of columnar holes cannot currently be
explained unequivocally. We have presented a number of
possible explanations for their existence but we are unable
at this stage to categorically state their origin. That these de-
fects are obtained in both nano- and microcrystals suggests
that their appearance may not be driven by kinetic factors.

We return finally to the observation of stacking faults in
LTL and the reconstruction or coincidence boundary report-
ed by Terasaki,”? where the fault lies parallel to the {001}
plane. One explanation of this phenomenon is that the prob-
ability of a SBU attaching upon the surface at a non-ideal
lattice site, overlapping an interstice for example, increases
considerably as the temperature and growth rates increase.
The {001} plane exposes a high density of silanol groups per
unit area, much more so than on the {110} plane. The stick-
ing probability of an SBU to the {001} surface will be much
higher than on the {110} plane. We believe the corrugated
nature of the surface that exposes silanol groups in high
concentrations, will facilitate relatively unfavourable regis-
trations of SBUs upon the surface. Although, it is less ther-
modynamically favourable to introduce the coincidence
boundary into the crystal than to perpetuate the perfect
crystal, the kinetics dictate that statistically a relatively un-
favourable condensation will be attempted. Provided the
barrier to condensation is small enough, and the barrier to
dissolution large enough, such an event could occur and
thus nucleate the coincidence boundary. An inference one
could make from this assertion is that to prepare non-fault-
ed crystals for optimal crystallinity, the temperature of the
synthesis should be kept as low as possible. Empirically, it is
found that lower temperatures promote defect-free crystals.

In conclusion, atomic scale resolution of perfect and de-
fective microporous LTL coupled with atomistic simulation
have provided new insights into the thermodynamic and ki-
netic factors that influence crystal growth of zeolites and the
crystal habit. We consider that a combination of methods af-
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fords a powerful and systematic means of investigating the
growth of perfect and faulted microporous materials.
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